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CONVERSION OF STATIC SOUR NATURAL GAS TO FUELS AND 
CHEMICALS 

[0001] The present invention relates to a novel and 

cost effective process for converting sour natural gas 
which may also be static and. poor, i.e. natural gas which 
containing hydrogen sulfide and which may also be 
remotely located and contain substantial amounts of 
nitrogen and/or carbon dioxide, to useable fuels and 
chemicals, such as hydrogen, methanol and high* octane 
diesel fuel . More particularly, the present invention 
relates to a method and apparatus for treating "sour 
natural gas, i.e., gas having a ratio of H 2 S to CH 4 of at 
• least 0 . 1 moles H 2 S per mole CH 4 and preferably of at 
least 0.5 moles/mole, using a reforming catalyst and a 
sulfur capture agent. Preferably, the process according 
to the invention can be carried out using two reactors 
that repeatedly cycle ' reactants between three basic 
process steps - reforming, air regeneration and fuel 
reduction . 

BACKGROUND OF THE INVENTION 

[0002] A large fraction of the world's total natural 
gas reserves has the problem of being "sour" in that they 
contain substantial amounts of H 2 S, which is both highly 
toxic and tends to embrittle steel pipelines, making the 
transport of gases by pipeline highly dangerous and 
unreliable due to the possibility of leakage in the gas 
lines and transport equipment. Much of world's total 
natural gas reserves also has the problem of being 
"static," i.e., the gas is located in remote geographic 
regions that make it uneconomical to transport the gas 
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via pipeline or to refine and/or condense the gas on site 
and ship it to market in liquid form. The world's total 
natural gas reserves also include much that is poor in 
quality because the methane and other combustible gas 
components are diluted with non- combustible CO2 and N2, 
making the unrefined gas a relatively low Btu fuel 
source. 

[0003] Thus, for many year's, the need has existed to 

convert sour natural gas which may also be static and/or 
poor into a more valuable commercial product which could 
then be transported in large quantities by inexpensive 
means (preferably by ship) . The current state of 
industrial practice with sour natural gas that is also 
static and poor is illustrated by Exxon's development of 
the Natuna gas fields located in the middle of the South 
China Sea. Because the natural gas deposits contain high 
percentages of C0 2 and H 2 S, the gas is considered both 
poor and sour. In this project the CO2 and H 2 S are 
removed by liquefying and fractionally distilling the 
gas. This approach, while technically feasible, is very 
expensive. The static gas problem was resolved by 
developing a local use for the gas on site, namely as a 
fuel for use in producing steam for secondary oil 
recovery in the same remote geographic location. The 
Exxon approach made good economic sense because it began 
with two low value natural resources (a static, poor 
quality sour gas field and a depleted oil field) and 
finished with a relatively high quality crude oil end 
product using secondary oil recovery techniques. 

[0004] In principle, it is possible to use fractional 

distillation processes to purify poor sour gas, followed 
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by a conventional steam reforming process to convert the 
purified gas into a mixture of CO and hydrogen (commonly 
known as " syngas " ) . The syngas can then be converted 
into liquid hydrocarbons via the well-known 
Fischer-Tropsch process or to other commercially useful 
products such as methanol. This conventional gas 

reforming approach, however, has a number of significant 
disadvantages . 

[0005] For example, liquefaction and fractional 
distillation of natural gas consumes a great deal of 
energy as part of the process, and thus requires a high 
capital expense for the equipment necessary to carry out 
such techniques. In addition, since steam reforming is 
economical only in large scale applications, a given gas 
resource may not be large enough to sustain the cost of a 
steam reformer. Furthermore, steam reforming is an 
endothermic reaction and in the conventional steam 
reforming process the heat consumed by the reaction is 
supplied by heating the outside of the reactor. This 
requires that the walls of the reactor be at a 
temperature equal to or greater than the temperature at 
which the steam reforming reaction occurs. This 
temperature is substantially above the temperature at 
which conventional steels begin losing their mechanical 
strength and resistance to corrosion. 

[0006] As a result, conventional steam reforming 
normally requires processing equipment formed from 
expensive superalloy metals. The operating pressure at 
which the steam reforming process takes place must also 
be reduced. That is, even though the natural gas issuing 
from a well head may be at a pressure high enough for use 
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in the Fischer-Tropsch process, the chemical composition 
of such gases does not allow for their direct use with 
Fischer-Tropsch. Thus, although steam reforming can 
produce gas of the appropriate composition, the reforming 
process requires first depressurizing the gas. 
Compressing the syngas back up to the pressure needed for 
the Fischer-Tropsch process can be prohibitively 
expensive . 

[0007] In addition to these specific disadvantages, a 

general problem exists with conventional steam reforming 
processes in that many sour gas resources are found in 
regions of the world which lack the infrastructure 
necessary to support complex industrial processes. By 
necessity, the only practical industrial operations in 
such regions are those which are relatively simple to 
install, operate and maintain. Further, if a natural gas 
resource is poor in quality because it contains 
substantial amounts of nitrogen but not a significant 
amount of CO2, no economically viable process exists 
within the present state-of-the-art to easily purify the 
gas on site. The only known approach is to treat the 
entire gas stream and remove the nitrogen using 
conventional (but very expensive) processing means. 

[0008] On the other hand, if the natural gas is poor in 

quality because of a high rather than low C0 2 content, 

then in some situations the CO2 can be put to advantageous 

use. It is known that nickel-based catalysts used in 

steam reforming can also be used with CO2 in the reforming 

of methane. An article by Tomishge et al, Catalysis 

Today 45, 35-39, (1988) discusses the C0 2 reforming of CH 4 

and notes the advantage of utilizing both the CO2 and CH 4 
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components of the natural gas. While nickel-based 

catalysts are the most widely used reforming catalysts, 
the literature reports a number of other noble metal 
catalysts that can serve as active reforming catalysts 
(see, for example, the article by Craciun et al, 
Catalysis Letters 51, 149-151, 1998) . 

[0009] Prior art U.S. Patent No. 5,827,496 teaches a 

method of supplying heat to packed bed reactors which are 
used to carry out endothermic reactions such as steam 
reforming. In this method, heat is generated inside the 
reactor by alternately reducing and oxidizing a material 
which in the reduced state is readily oxidized and in the 
oxidized state is readily reduced. This method is called 
"Autothermal Cyclic Reforming (ACR) or "Unmixed 
Reforming" (UMR) . 

[0010] The examples in the "496 patent show the 

production of hydrogen by steam reforming with a nickel 

catalyst in the presence of CaO. The CaO captures C0 2 by 

forming CaC0 3 in an exothermic process. While the CaC0 3 

formation supplies the heat consumed by the steam 

reforming process, CaC0 3 must be regenerated in an 

endothermic process. In order to supply the heat 

necessary to regenerate the CaC03, air is passed through 

the bed, oxidizing the nickel catalyst to NiO in a 

strongly exothermic process. The NiO is then reduced 

back to nickel and the production of hydrogen is resumed. 

Example 8 of the '496 patent describes a process for 

steam reforming diesel fuel to which thiophene has been 

added to a level of 2000 ppm sulfur by weight, producing 

an output hydrogen gas containing only 5 ppm H2S . Thus, 

the '496 patent teaches that the process could produce 
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hydrogen that is significantly lower in sulfur content 
than the fuel being reformed. 

[0011] The process described in the '496 patent has two 
significant limitations. First, the patent is concerned 
solely with the reforming of materials in which the 
sulfur content is very low, i.e., an -impurity and/or 
minor component. In sour gas, however, sulfur in the 
form of H 2 S is often a major constituent. Second, the 
'496 reference is limited to methods of generating heat 
within a reactor in which by the sequential oxidation and 
reduction of a material which in the reduced state is 
readily oxidized and which in the oxidized state is 
readily reduced. In no wise does '496 teach show or 
suggest the generation of heat by selectively oxidizing 
one low value component (i.e. the H 2 S) of the natural gas 
while retaining the CH 4 and other high value components. 

[0012] Objects and brief description of the invention 

[0013] The steam reforming of a fuel is an endothermic 
reaction. Supplying the heat which is consumed by this 
reaction requires either burning some other fuel or 
burning part of the fuel being processed. In addition to 
the heat consumed directly by the steam reforming 
reaction doing steam reforming requires raising steam. 
This steam raising also requires either burning some 
other fuel or burning part of the fuel being processed. 
A sour natural gas is a mixture of fuels, the methane and 
other hydrocarbons it contains being valuable components 
and the H 2 S being of little or negative worth. Oxidation 
of the H 2 S will, however, liberate substantial amounts of 
heat. 
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[0014] It is a goal of the present invention to provide 

a means whereby the heat of oxidation of H 2 S is used to 
supply part or all of the heat consumed by the steam 
reforming of the natural gas. It is a further goal of 
the present invention to do said supplying of heat in a 
manner that allows the steam reforming reaction to be 
done at high pressure. Said high pressure operation 
reduce or eliminates the need to compress the gases 
produced by steam reforming before putting them to some 
use, e.g. producing hydrocarbons via the Fischer-Tropsch 
process. It is a still further goal of the present 
invention to minimize or completely avoid air polluting 
emissions of sulfur dioxide, to provide some or all of 
the heat needed to raise steam without burning methane or 
other high value components of the natural gas, to 
provide some or all of the electrical energy needed 
without burning methane or other high value components of 
the natural gas . 

[0015] Unlike the above prior art, the present 
invention provides a novel and cost-effective means 
whereby sour gas (which may also be poor and static) is 
converted to liquid hydrocarbons, methanol, and/or other 
valuable fuel materials that can readily be treated on 
site and then transported to market in a safe and 
reliable manner using conventional steel pipelines. The 
preferred method according to the invention has been 
found to be most effective for treating sour gas having a 
ratio of H 2 S to CH 4 of at least 0.1 moles H 2 S per mole CH 4 
and preferably at least 0.33 moles /mole. 

BRIEF DESCRIBTION OF THE DRAWINGS 
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Figures 1,2,3, and 4 depict the steps of an exemplary 
Autothermal Cyclic Reforming process in accordance with 
the invention, together with an identification of the 
process streams entering and leaving the reactor during 
each step. 

DETAILED DESCRIPTION OF THE INVENTION 

[0016] In one embodiment of the invention, the ACR uses 

one or more reactors containing a bed of a nickel-based 
catalyst supported on alumina. In each reactor a cyclic 
two step process occurs repeatedly, each of these two 
steps having two distinct phases. As shown in Figures 
1,2,3 and 4 the process involves reforming, first phase, 
reforming second phase, air regeneration, first phase and 
air regeneration second phase. At the start of the first 
step {reforming, first phase) the nickel in the nickel- 
based catalyst is present as NiO. A mixture of steam and 
sour natural gas is passed through the reactor as 
reformer feed 20. The sour natural gas enters at an 
inlet, flows through the reactor, and out an outlet. As 
the gas flows, three sets of reactions occur, causing 
three reaction zones to form and move through the reactor 
from the inlet toward the outlet. The most rapid of 
these reaction zones is reaction zone 23 in which NiO is 
reduced to Ni . Initially the CH 4 component of the 
natural gas is chiefly responsible for the reduction (CH 4 
+ 4NiO = 4Ni + C0 2 + 2 H 2 0) . As the NiO reduction zone 
moves through the reactor, however, the amount of nickel 
catalyst downstream of the reduction zone increases, 
forming reaction zone 22 in which the CH 4 undergoes the 
steam reforming reaction to produce hydrogen and CO. The 
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hydrogen and CO thus formed contribute to the reduction 
of NiO to Ni in downstream reaction zone 23 . 

[0017] The H 2 S component of the natural gas is removed 

in reaction zone 21. In this zone H 2 S undergoes reaction 
with both the NiO initially present in the reactor and 
with the Ni produced subsequently, H 2 S + "NiO = NiS + H 2 0 
and H 2 S + Ni = NiS + H 2 . The hydrogen thus formed also 
contributes to the reduction of NiO in reaction zone 
23. can react with NiO, via NiO + H 2 = Ni + H 2 0. 

[0018] The net results of these reactions is that for 

every mole of H 2 S input to the reactor one mole of NiS is 
produced and for every mole of CH 4 input to the reactor 
four moles of Ni are produced. 

[0019] As the input of natural gas continues, both the 
section of the bed which have converted to NiS and the 
section of the bed converted to Ni grow longer. Reaction 
zone 23 reaches the end of the bed, i.e. the initially 
present NiO is all or nearly all reduced to Ni , the 
composition of the output gases changes. At this point 
the reforming step goes from phase 1 to phase 2, i.e. the 
composition of the output gases changes. During phase 1 
the output gas was wet C0 2 but during phase 2 the output 
gas is an equilibrium mixture of H 2 , H 2 0, CO, C0 2 , and CH 4 . 
For the steam reforming of CH 4 by itself the phase 2 
output gases would have a ratio of (2CO+3C0 2 ) /H 2 = 0.75 
but the desired value of this ratio for syngas is 1. 
Thus for a sour gas containing little or no C0 2 it may be 
useful to include some or all of wet C0 2 produced during 
the phase 1 part of the reforming step and thereby 
increase the value of this ratio toward the desired value 
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of 1. For a sour gas containing substantial amounts of 
CO2 it may be more useful not to include- the phase 1. 

[0020] Before all of the Ni in the reactor is converted 

to NiS the reforming step is halted and the regeneration 
step, phase 1 is begun. As shown in Figure 3 in phase 1 
of this step air (40) is passed through the reactor 
oxidizing the Ni to NiO in reaction zone 41, and vitated 
air, 43, leaves the bed. When reaction zone 41 reaches 
the NiS formed during the reforming step, it changes to 
reaction zone 42. As shown in Figure 4 the output gas, 
44 becomes vitiated air and S0 2 - Depending on the users 
circumstances it may be advantageous to combine or keep 
separate the output gases produced in phases 1 and 2 of 
the regeneration step. 

[0021] The time of switch from the reforming step to 
the regeneration step is chosen so as to maintain heat 
balance between the endothermic steam reforming reaction 
and the exothermic oxidation of the Ni and NiS. 

[0022] In the embodiment discussed above the nickel 

based catalyst served both as a steam reforming catalyst 
and as a sulfur capture agent. In other embodiments 
either or both of these functions could be performed by 
other materials. Noble metal based steam reforming 
catalysts are well known in the art. Instead of using 
Ni/NiO as sulfur capture agent a number of other 
materials may be used. MnO CoO CdO and ZnO can capture H 2 S 
by forming MnS CoS, CdS and ZnS respectively., Fe 2 0 3 can 
form FeO in a reducing atmosphere, the FeO can capture H 2 S 
by forming FeS which on oxidation will reform Fe 2 0 3 . CuO 
can both capture H 2 S and be reduced to Cu which can also 
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capture H 2 S, both capture reactions forming CuS which can 
readily be oxidized to CuO. 

[0023] In the embodiment shown in Figures 1,2,3, and 4 

two reactors and switching valves may be used to produce 
a continuous stream of syngas by repeatedly cycling 
between the above two steps. When one reactor is in the 
reforming step, the other reactor operates in phase 1 and 
then phase 2 of the air regeneration step followed by 
the reduction step. 

[0024] The primary reactions that occur in each step 

depicted in Figure 1 and their heats of reaction at 700°C 
are summarized below: 



Reforming Step (Syngas formation 
over nickel catalyst and sulfur 
capture) 

CH 4 (g) +H 2 0(g) = C0(g) + 3H 2 (g) AH rxn =+225 . 3 6 kJ/mol 

CH 4 (g)+C0 2 {g) = 2C0(g) + 2H 2 (g) AH rxn = + 260 . 06kJ/mol 

C0(g) + H 2 0(g) = C0 2 (g) + H 2 (g) AH rxn =-34.70 kJ/mol 

NiO + H 2 S(g) = NiO + H 2 0(g) AHrxn=-63.97 6kJ/mol 

4NiO + CH 4 (g)= C0 2 (g) + 2 H 2 0(g) + Ni AH rxn = +140.24 kJ/mol 

Air Regeneration Step (Nickel 
oxidation and sulfur release) 

Ni + y 2 0 2 (g) = NiO AH rxn =-23 5 .22 kJ/mol 

NiS + 1.50 2 (g) = NiO + S0 2 (g) AH rxn =-455 . 83 kJ/mol 



[0025] Thermodynamic calculations for the process steps 
according to the invention were done using an HSC 
computer program with the following results. A sour gas 
having a ratio of H 2 S to CH 4 of at least 0.1 moles, and 
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preferably at least 0.5 moles/mole is contacted with a 
reforming catalyst and a sulfur capture agent at a 
temperature of at least 500°C. The reforming catalyst 
may be either a nickel-based reforming catalyst or a 
noble metal reforming catalyst. The sulfur capture agent 
may include an additional amount of the nickel-based 
reforming catalyst or any of several metal-based 
catalysts, including Fe 2 0 3 , MnO, CuO, CoO, CdO and ZnO . 
These sulfur capture agents may be used either as the 
neat material or supported on an inert carrier. 

[0026] The heat balance of the system is effected by 

both the choice of reforming catalyst, nickel-based or 
noble metal based, and by the choice of the sulfur 
capture agent. Cycling the nickel based catalyst from 
oxidizing to reducing to oxidizing conditions causes it 
to cycle from NiO to Ni and back to NiO.' This process 
liberates heat, AH = -800.62 kj per CH 4 consumed. This 
heat release together with the heat released by capturing 
H 2 S and releasing it as S0 2 provides the heat consumed by 
the endo thermic steam reforming reaction, making it 
unnecessary to supply heat from outside the reactor. 

[0027] The heat provided bycapturing H 2 S and releasing 
it as S0 2 is heat that would otherwise go to waste. The 
heat provided by cyclic oxidation and reduction of 
NiO/Ni, however, comes at the expense of CH 4 consumption. 
This consumption occurs both directly by reaction of CH 4 , 
and indirectly by consumption the H 2 and CO produced by 
reforming the CH 4 . 

[0028] Cycling a noble metal based catalyst from 

oxidizing to reducing to oxidizing conditions does not 
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consume CH 4 or liberate heat. For the sulfur capture 
agents MnO, CoO, CdO and ZnO the metal remains in a plus 
2 valance state as the agent cycles between oxide and 
sulfide. For these agents the net reaction is H 2 S + 1 . 50 2 
= H 2 0 + S0 2 with a heat release of AH = - 519.80 kj/mole. 
When the sulfur capture agents CuO or Fe 2 0 3 are cycled 
between oxidizing and reducing conditions, metals do 
change valance. This consumes CH 4 and liberates heat. 

[0029] The equilibrium composition for steam reforming 

of one mole of CH 4 with 4 moles of steam at 7 00°C, and 5 
bars is 3.0192 moles of H 2 , 2.661 moles of H 2 0, 0.34115 
moles of CO, 0.49893 moles of C0 2 , and 0.15992 moles of 
CH 4 . For producing this equilibrium mixture AH = +172.00 
kj per mole of CH 4 input . For a sour natural gas in 
which the ratio of H 2 S to CH 4 is greater than 
172.00/519.80 = 0.33, the heat released by capturing the 
H 2 S as a sulfide and oxidizing that sulfide is more than 
sufficient to supply the heat consumed by the steam 
reforming of the CH 4 . Even for a sour gas with a ratio of 
H 2 S to CH 4 of only 0.1, capturing the H 2 S as a sulfide and 
oxidizing that sulfide supplies 30% of the heat consumed 
by the reforming process. 

[0030] Steam and/or C0 2 from another source may also be 

added to the natural gas to adjust the composition of the 
gas during contact with the catalyst. Preferably, the 
syngas should have a ratio of about 1 for (2CO+3C0 2 ) /H 2 . 
In order to produce that preferred ratio, for every 
molecule of CH 4 undergoing C0 2 , 2 molecules of CH 4 must 
undergo steam reforming. 
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[0031] During contact with the sour natural gas, the 
sulfur capture agent forms a sulfide. During contact 
with air, the sulfide is oxidized to S0 2 , which in turn is 
swept out of the reactor along with the oxygen-depleted 
air. If the air is not completely depleted of oxygen, or 
if undepleted air is added, it can be passed through a 
bed of CaC0 3 where the reaction CaC0 3 + SC 2 + 0 . 50 2 = CaS0 4 
+ C0 2 will remove virtually all of the S0 2 . The reaction 
CaC0 3 + S0 2 + 0.5O 2 = CaS0 4 + C0 2 is strongly exothermic, 
the heat of reaction at 700°C being -319.77 kj/mole. This 
capture of sulfur dioxide may be done in a fluid bed 
equipped with steam coils or other heat recovery means 
whereby the heat produced by capturing the sulfur dioxide 
is used to raise steam for the process or put to other 
valuable use. The air regeneration step described above 
may be done with air at or near ambient pressure or with 
elevated pressure air. In the latter case the S0 2 
containing gas leaving the regeneration step will be at 
elevated pressure and can be used as the fluidizing gas 
for a fluid bed of CaC0 3 operating at elevated pressure, 
i.e. 3 to 10 atmospheres. The hot elevated pressure gas 
coming out of this fluid bed may be used to drive a gas 
turbine . 

[0032] For natural gas in which the ratio of H 2 S to CH 4 
is less than the cases discussed above, the reforming of 
CH 4 will consume more heat than is provided by the capture 
and oxidation of the H 2 S . Additional heat may be provided 
by the cyclic oxidation and reduction of the nickel 
catalyst or by the cyclic oxidation and reduction of some 
other material . 
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[0033] Several practical advantages should be noted for 

the subject invention. The heat consumed by the 

reforming reactions is generated within the reactor, 
thereby avoiding the need to input • heat through the 
reactor walls. This allows the use of insulation between 
the catalysts in the reactor and the walls of the 
reactor. Since the walls can remain cool, the reactor 
can operate at high pressure, i.e., the pressure at which 
natural gas comes directly from the wellhead. Since 
syngas is produced at this high pressure, it can be 
converted to methanol, liquid hydrocarbons, or other 
valuable and readily shipped materials without requiring 
an expensive compression step. Thus, the subject 

invention solves a critical problem associated with the 
use of static gas. 

[0034] In the conversion of the syngas to shippable 

products, nitrogen is considered an inert gas and will be 
readily removed from the products. This is also true for 
any C0 2 that is not removed by the reforming process. 
Thus, the subject invention also solves those problems 
associated with static gas. 

[0035] The subject invention is also a clear 
improvement over the prior art as shown in U.S. Patent 
No. 5, 827,496. As noted above, in the '496 patent the 
fuel is steam reformed in the presence of CaO. The 
presence of additional C0 2 in the fuel being reformed is a 
distinct disadvantage because it increases CaO 
consumption. In the subject invention, however, the 
presence of C0 2 in the fuel actually creates a process 
advantage since it dramatically increases product yield. 
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[0036] The invention also represents an improvement 

over the prior art in terms of energy efficiency. In the 
prior art, the removal of H 2 S was necessary and consumed 
significant amounts of energy. Here, however, the H 2 S 
serves as a source of energy due to the exothermic 
reaction involved. In addition to AH = - 519.80 kj /mole 
of H 2 S discussed above the reaction CaC0 3 + S0 2 + 0 . 50 2 
= CaS0 4 + C0 2 is exothermic by AH = -319.77 kj/mole. 
Thus, the downstream removal of the S0 2 serves as a source 
of heat energy that can be used to produce steam (or for 
other purposes) , further improving the energy efficiency 
of the entire process. 

[0037] While the invention has been described in 

connection with what is presently considered to be the 
most practical and preferred embodiment, it is to be 
understood that the invention is not to be limited to the 
disclosed embodiment, but on the contrary, is intended to 
cover various modifications and equivalent arrangements 
included within the spirit and scope of the appended 
claims . 
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